2ϩ
-sensing steps. We have initiated The Salk Institute La Jolla, California 92037 our program of elucidating the molecular basis for LTD by focusing on processes that couple Ca 2ϩ to release probability.
Ca 2ϩ appears to act on release through two distinct Summary sensors, and understanding the goals of our experiments requires some background information on the Long-term depression (LTD) in pairs of cultured rodent participation of these sensors in the release process. hippocampal neurons was examined to study the moWe have previously identified two components of Ca 2ϩ -lecular basis of this form of synaptic plasticity. We dependent transmitter release in hippocampal neurons have previously characterized two components of grown in culture: a fast, nearly synchronous phase of transmitter release: a synchronous, fast phase that exocytosis that accounts for the bulk of the increased requires synaptotagmin I, and an asynchronous, slow quantal release in response to a nerve impulse, and a component that persists in the absence of synaptotagslower, asynchronous component of release that continmin I. Are these two release components differentially ues for several hundred milliseconds following a nerve affected by the presynaptic changes of LTD, or is the impulse arrival at the synapse (Goda and Stevens, 1994) . mechanism of plasticity common to both? We find that Analysis of synaptic transmission in mutant mice with LTD is expressed as parallel changes in the fast and a defective synaptotagmin I (sytI) has demonstrated that slow components of release, and that this form of this abundant synaptic vesicle protein is required for synaptic plasticity is still seen in the absence of functhe fast component of release (Geppert et al., 1994) .
tional synaptotagmin I. Any alterations in the presyn-
We have therefore tentatively identified sytI as the low aptic release machinery observed during LTD thus inaffinity Ca 2ϩ sensor responsible for the rapid component volve mechanisms shared by both modes of release.
of exocytosis. The high affinity Ca 2ϩ sensor that produces the slower, "asynchronous" release is still unidenIntroduction tified; this second sensor might, for example, be a third isoform of synaptotagmin, sytIII, present in hippocampal Activity-dependent long-term changes in synaptic neurons (Li et al., 1995) . A possible mechanism by which strength are thought to underlie certain types of learning release probability is depressed during LTD, then, is a and memory. In particular, two forms of synaptic plasticreduction in the efficacy of sytI or a decrease in its Ca 2ϩ ity that are robustly expressed in the hippocampus, binding affinity. The molecule sytI has two domains that long-term potentiation (LTP) and long-term depression are highly homologous to the C 2 region of Ca 2ϩ /phos-(LTD), have been the focus of intense study in recent pholipid-dependent protein kinase C (Perin et al., 1990) . years (reviewed by Bliss and Collingridge, 1993; Ma- The first C 2 domain displays Ca 2ϩ /phospholipid binding lenka, Linden and Connor, 1995) . Although much (Davletov and Sü dhof, 1993) and Ca 2ϩ -dependent bindhas been learned about the mechanisms of LTP and ing to syntaxin (Li et al., 1995) , a proposed component LTD induction, the underlying molecular events responof the synaptic vesicle docking-fusion complex (Sö llner sible for sustained expression of these two forms of et al., 1993) . The second C 2 domain interacts with inositol plasticity remain virtually unknown. We focus here on polyphosphates (Fukuda et al., 1994) , and such binding hippocampal LTD, which is believed to be expressed may mediate the observed inhibitory effects of inositol presynaptically by reduction in transmitter release probpolyphosphate injections on transmitter release at the ability (Bolshakov and Siegelbaum, 1994; squid giant synapse (Lliná s et al., 1994) . In addition, sytI Wang, 1994; Xiao et al., 1994;  but also see Selig et al., is phosphorylated by casein kinase at a single threonine 1995a). Because of its presumed presynaptic mecharesidue within the cytoplasmic domain (Bennett et al., nism, understanding the regulation of transmitter re-1993). In short, sytI contains abundant potential regulalease probability under ordinary conditions would likely tory targets that could be used for altering release probfacilitate the delineation of the molecular basis for LTD.
ability in processes such as LTD. Our approach, therefore, is to identify components of Our analysis begins with a demonstration that LTD the release machinery involved in determining release occurs in culture, even in a single neuron (autaptic) cirprobability, and then to investigate which of these comcuit, with the same properties as found in slices. We then ponents might mediate presynaptic changes responsiexamine various aspects of the molecular machinery ble for LTD.
responsible for Ca 2ϩ sensing as a possible site for exTransmitter release is a tightly regulated process. Arpression of LTD, the main goal being to determine rival of a nerve impulse triggers an abrupt influx of Ca 2ϩ , whether LTD affects release mediated by the two Ca 2ϩ which in turn sharply increases the stochastic rate of sensors selectively or by some common mechanism. synaptic vesicle exocytosis over a brief time period (Katz Our conclusion is that LTD does not require sytI for and Miledi, 1965; Barrett and Stevens, 1972) ; the quantity of Ca 2ϩ that enters the terminal determines the toexpression, and that the expression mechanism resides either in a common pathway for exocytosis after the Ca 2ϩ -sensing step or in an earlier step that affects both Ca 2ϩ sensors equally.
Results

LTD Can Be Produced in Hippocampal Culture
To initiate our investigations of synaptic plasticity mechanisms, we first examined LTD in hippocampal neurons grown in culture, a system that is readily amenable to cellular and molecular analysis. A culture system has the further advantage that it permits the study of synaptic plasticity in neurons from various mutant mice exhibiting a neonatal lethal phenotype, such as mice lacking functional sytI. Since hippocampal LTD has not been reported in cultured neurons before, we first asked whether LTD could be produced between an isolated pair of neurons with the same stimulation paradigm used to induce LTD in slices. Low frequency stimulation of the presynaptic cell coupled with depolarization (to Ϫ50 mV) of the postsynaptic cell reproducibly resulted in prolonged and stable depression of the mean postsynaptic response (the mean synaptic strength after LTD induction was 0.44 Ϯ 0.06; n ϭ 9; Figure 1 ). Although perforated patches were always used for obtaining the data reported here (to maintain steady baseline levels; see Experimental Procedures), LTD could also be in- The ability to evoke LTD was not limited to synapses expressed as the ratio (mean peak synaptic current after LTD inducformed between pairs of neurons. When a single neuron tion)/(mean peak synaptic current before induction) (iv). The external is confined to grow on a small island of glial cells, the solution contained 2 mM MgCl2 and 3 mM CaCl2.
axon of the neuron forms synapses onto its own den-(B) Summary of LTD experiments from cell pairs in 2 mM MgCl2 and drites, known as "autapses," which exhibit the same distinguishable from those of synapses in brain slices (Bekkers et al., 1990; Bekkers and Stevens, 1991) . To verify that LTD in cultures also exhibits properties similar to those found in brain slices, we examined the role of on both NMDA receptors and the activity of dendritic L-type Ca 2ϩ channels (Bolshakov and Siegelbaum, 1994 ; postsynaptic membrane potential in the induction of LTD. As expected from the requirement of moderate but also see Selig et al., 1995b , 1994) , voltage clamping the postsynaptic cell at Ϫ80 mV during low frequency stimulation hyperpolarized membrane potential are summarized in Figure 4 . Although LTD is effectively blocked by hyperprevented LTD (mean synaptic strength of 0.91 Ϯ 0.05 relative to the baseline value; n ϭ 5; Figure 3 ). Another polarization, the NMDA receptor antagonist only weakly inhibited LTD. This decreased role for NMDA receptors characteristic of LTD observed in slices from animals P14 or older is that induction requires activation of the is similar to LTD in slices of 3-to 7-day-old rats that do not yet show robust LTP (Bolshakov and Siegelbaum, postsynaptic N-methyl-D-aspartate (NMDA) subtype of glutamate receptors (Dudek and Bear, 1992; Mulkey and 1994) . It appears, then, that synapses between hippocampal neurons studied after 7-14 days in culture are Malenka, 1992). In slices from younger animals (P3-P7), however, one form of LTD induction appears to depend at nearly the same developmental stage as neurons in presynaptic stimulation is thus required for LTD induction. The hyThe autaptic cell was held at Ϫ70 mV, except when evoking autaptic perpolarization experiments were carried out in paired cells only to responses and when applying low frequency stimuli during the LTD avoid fluctuations in the voltage control at dendrites produced by protocol by depolarizing step pulses (see Experimental Procedures).
1 ms depolarizing step pulses given during the LTD protocol in Current traces from an example cell recorded before (i), after (ii), autaptic cells. and before plus after LTD (iii) are illustrated. The stimulus artifact has been partially deleted for clarity. (B) Summary of LTD induced (double arrowhead) in an autaptic cell either on an island containing a single neuron (n ϭ 2) or in a small n ϭ 6 cell pairs with 5 Hz LTD protocol; Kolmogorov- 
Postsynaptic Responsiveness Is Unaltered during LTD
Although LTD induction has been shown to require the immature (3-7 days old) rat slice with respect to LTD events in the postsynaptic cell, expression occurs, acinduction.
cording to the available evidence, by a decrease in the probability of transmitter release from the presynaptic cell (Bolshakov and Siegelbaum, 1994 ; Stevens and Sr 2؉ Substitutes for Ca 2؉ in the Induction of LTD Wang, 1994) . To verify that LTD in hippocampal cultures, like slices, is not produced by alterations in the size of Divalent ions other than Ca 2ϩ , such as Ba 2ϩ and Sr 2ϩ , can support synaptic transmission, albeit less efficiently miniature EPSCs (mEPSCs), we analyzed spontaneous mEPSCs before and after the induction of LTD. Sponta- (Miledi, 1966; Goda and Stevens, 1994) . We thus asked whether LTD induction machinery can discriminate beneous mEPSCs are thought to represent fusion of a single synaptic vesicle with the presynaptic plasma tween Ca 2ϩ and Sr 2ϩ . Figure 5A displays typical evoked responses measured in the presence of extracellular membrane (Katz, 1969) , and thus alteration in the mEPSC size distribution indicates a change in the sensiSr 2ϩ instead of Ca 2ϩ . As the figure illustrates, these excitatory postsynaptic currents (EPSCs) underwent LTD tivity of the postsynaptic cell to the transmitters released. when low frequency stimulation was given to the presynaptic cell while depolarizing the postsynaptic cell. In 4 Figure 6A illustrates the distribution of amplitudes for mEPSCs monitored before and after the induction of cell pairs, the magnitude of LTD was the same as that produced in Ca 2ϩ solution (10 mM CaCl 2 , 0.5 mM MgCl 2 ; LTD. This particular example cell pair exhibited a mean The mean synaptic strength was 0.58 Ϯ 0.14 (Ϯ SEM; as determined by Kolmogorov-Smirnoff statistics (p < .2). A weak n ϭ 4). LTD was induced by a total of 900 pulses given as alternating requirement for NMDA receptors is similar to LTD studied in young 5 Hz stimuli (see Experimental Procedures) paired with postsynaptic rats between P4 and P8 (Bolshakov and Siegelbaum, 1994) does the spontaneous mEPSC release depend on the presence of functional sytI (Geppert et al., 1994) , a key component for Ca 2ϩ -dependent release. If a modification synaptic strength of 0.57 following LTD induction (see of the Ca 2ϩ -sensing machinery (e.g., sytI) were the pri- Figure 1A ), and as described below, the relative mEPSC mary mechanism for LTP, one might anticipate that the rate after the LTD protocol was 0.6 of the baseline mEPSC rate would be unmodified by LTD. On the other mEPSC rate. As can be seen from Figure 6A , the distribuhand, if some step in the release process independent of tion of mEPSC amplitudes before (i) and after (ii) LTD Ca 2ϩ sensing were responsible for LTD, the spontaneous appears to have the same shape, an impression conrate would be decreased, at least for certain mechafirmed by a Kolmogorov-Smirnov test that indicates the nisms. We therefore examined this question in our cell two distributions are not statistically different (p > .2).
cultures.
Comparison of LTD magnitude and the ratio of mean
The cultures for most of our experiments involved mEPSC size before and after LTD for all LTD expericells whose synapses were obtained from two or more ments in which we analyzed spontaneous events is neurons. In this case, mEPSCs produced at other synshown in Figure 7A . The mean mEPSC amplitude reapses that were not represented in our evoked remained unaltered irrespective of the LTD magnitude.
sponses (and did not participate in LTD) might obscure The fact that mean mEPSC size did not change with a real decrease in the rate of mEPSCs at synapses that LTD is consistent with results from brain slices (Bolshawere depressed. Since estimating the fraction of synkov and Siegelbaum, 1994; Stevens and Wang, 1994) .
apses that participate in LTD is difficult, we have examined the change in mEPSC rate as a function of the amount of LTD, with the idea that the more profound LTD The Rate of Spontaneous mEPSCs should give more easily detectable changes in mEPSC Decreases with LTD rates. To assay for the participation of the Ca 2ϩ -sensing maAs demonstrated in Figure 6B , the fractional rate of chinery in LTP, we examined the effects of LTD on Ca 2ϩ -mEPSC occurrence decreased to 0.6 for the cell (ampliinsensitive and Ca 2ϩ -sensitive vesicle fusion processes tude distributions in Figure 6A ) that exhibited LTD of separately. We first tested whether the Ca 2ϩ -insensitive 0.57 (same cell shown in Figure 1A ). However, not all component of release (baseline spontaneous mEPSC neuron pairs exhibited a decrease in mEPSC frequency rate) is altered by LTD. The rate at which spontaneous that paralleled the extent of LTD. Figure 7B illustrates mEPSCs are produced reflects the resting probability that a significant decrease in mEPSC frequency ocof an exocytic event, and this rate has been shown to curred systematically only for the most profound LTD. depend at most weakly on extracellular Ca 2ϩ (Fatt and Katz, 1952 ; Y. G. and C. F. S., unpublished data); nor
We attribute this observation to the fact that changes Figure 1A . The mEPSCs remained unchanged irrespective of the extent of LTD mean mEPSC before LTD was 11.7 Ϯ 0.3 pA (Ϯ SEM; n ϭ 615) and responses. remained unaltered after LTD induction (11.7 Ϯ 0.3 pA; n ϭ 373).
(B) Corresponding mEPSC frequency ratios for each of the points The shape of the distribution is also not significantly different (Kol- shown in (A) were plotted as a function of the ratio of synaptic mogorov-Smirnoff test, p > .2). The bin size shown is 2 pA. strength following LTD induction relative to baseline (after/before); (B) The frequency of mEPSCs (number of mEPSCs per minute) monierror bars display SEM. LTD was accompanied by a decrease in tored in the same cell pair as in (A) is shown before (open triangles) mEPSC frequency when strong depression was observed. and after (closed triangles) LTD induction (double arrowhead). The mEPSC frequency was depressed to 0.60 Ϯ 0.05 (Ϯ SEM) of baseline values following LTD induction.
of Ca 2ϩ near docked vesicles in the presynaptic terminal. Furthermore, the Ca 2ϩ -dependent release machinery displays two components: a synchronous phase that in mEPSC frequency would be more difficult to detect exhibits a high quantal release rate and low Ca 2ϩ affinity, in cases where the LTD was of smaller magnitude, but the possibility remains that a decrease in mEPSC freand an asynchronous phase with a low release rate that quency is not a necessary consequence of LTD. The lasts several hundred milliseconds (Goda and Stevens, final resolution of this question will have to await studies 1994). To determine whether these distinct release in which the mEPSC rate can be measured for the particmodes are affected equally or differentially, we examular synapses that underwent LTD of a known amount.
ined LTD of the fast component relative to LTD of the For the moment, however, some Ca 2ϩ -independent slow component for each cell pair. As shown in Figure  mechanisms that determine the resting of release proba-8A, the LTD expressed by the two components is nearly bility appear to be modified in LTD. the same. Thus, the two components are not affected differentially, but rather LTD involves alteration in mechanisms that are shared by both components.
Two Components of Transmitter Release
The analysis of two components that we use involves Display LTD to a Similar Extent integration of averaged synaptic responses (see ExperiWe next asked whether the Ca 2ϩ -dependent release mental Procedures). The slow component, however, process is directly regulated by LTD. As noted earlier, a consists of highly asynchronous mEPSCs that are indikey mechanism that controls the probability of transmitter release under ordinary conditions is the concentration vidually resolvable. We have made use of the fact that
In addition, we analyzed LTD exhibited by the two components after substitution of Sr 2ϩ for extracellular Ca 2ϩ . As described previously, the two components of release are differentially affected by Sr 2ϩ substitution: the fast component is decreased, whereas the slow component of release is enhanced. Despite this differential sensitivity toward Sr 2ϩ , the two components exhibited LTD in parallel when Sr 2ϩ replaced Ca 2ϩ (n ϭ 4; data not shown), thus supporting the notion that the two Ca 2ϩ (Sr 2ϩ ) sensors are not the target of modulation required for the sustained reduction of release probability during LTD.
Synaptotagmin I Is Dispensable for LTD
SytI is a synaptic vesicle protein essential for the triggering of the fast component of transmitter release (Broadie et al., 1994; Geppert et al., 1994; Littleton et al., 1994) . Our results, demonstrating that both fast and slow release modes consistently exhibit LTD of equal size, show that the mechanism of LTP is common to the two sensors. SytI, therefore, should not be required for LTD. To test this idea, we cultured hippocampal neurons obtained from mutant mice deficient in sytI and compared LTD in mutant neuron pairs and in wild-type maintaining the prolonged depression of synaptic response. Since cultured neurons are well suited for cellular and biochemical analysis of synaptic transmission, LTD induced in culture provides a simple system in individual mEPSCs are apparent during the asynchronous release phase to compare the amplitudes of the which to study the molecular basis of synaptic plasticity. One property that has been reported for hippocampal mEPSCs that constitute the slow component (up to 500 ms following presynaptic stimulation) before and after homosynaptic LTD, a property that we were unable to confirm in this study because of technical difficulties, induction of LTD. While the frequency of slow-component mEPSCs decreased following LTD induction (data is the requirement for phosphatase activity (Mulkey et al., 1993 (Mulkey et al., , 1994 . We have tested the extracellular applicanot shown), the mean mEPSC size of the slow-component mEPSCs remained unaltered irrespective of the tion of membrane-permeable phosphatase inhibitors, calyculin A and okadaic acid, for effects on LTD in culextent of depression in the average slow component ( Figure 8B ). This result, together with the lack of change tured neurons. Application of calyculin A (250 nM), however, induced pronounced morphological changes in in the size of spontaneous mEPSCs following the decay of the slow component ( Figures 6A and 7A) , demonthe glial cells supporting pyramidal neurons, and the movement associated with these changes disrupted the strates that postsynaptic sensitivity is not altered during LTD.
stable long-term recordings required for monitoring of the type that has been proposed, however, seems inapplicable to LTD. If postsynaptic silencing of synapses were the mechanism used for LTD, then LTD at single synapses should result in complete disappearance of responses. Stevens and Wang (1994) report, however, that release probability decreases with LTD, but never to zero, with minimal stimulation, whereas the distribution of EPSC amplitudes is unchanged. Reliable induction of LTD in hippocampal pyramidal neurons is in striking contrast to the relative difficulty we experience in obtaining stable LTP in these same cultures. A possible explanation would be that synapses formed in cultures of the age we used have a relatively high release probability to begin with, like that reported for synapses in young rat hippocampus (Bolshakov and Siegelbaum, 1995) . Induction of LTP would then result in only a small increase in release probability, which would quickly reach saturation. An alternative explanation is that the spontaneous correlated activity of the synapses in single-cell or cell-pair cultures produces saturated LTP before we ever begin an experiment.
We exploited LTD in culture to assess the role of specific components of the ordinary transmitter release machinery during synaptic plasticity. The fact that Ca 2ϩ influx causes a sharp rise in the likelihood of transmitter release (Katz and Miledi, 1965; Barrett and Stevens, 1972) and that this synchronous component of transmitter release requires sytI during ordinary synaptic transmission (Broadie et al., 1994; Geppert et al., 1994; Littleton et al., 1994) prompted us to ask whether the decrease in transmitter release probability observed during LTD is mediated through alterations in the effi- One shared mechanism by which transmitter release a decrease in presynaptic Ca 2ϩ levels is expected to have equal influence on both the fast and slow release components (Goda and Stevens, 1994) . Additionally, the LTD. Okadaic acid (1 M) so dramatically decreased fact that Ca 2ϩ channels do not strongly discriminate basal synaptic transmission that we could not have conbetween Ca 2ϩ and Sr 2ϩ (Nachshen and Blaustein, 1982 ; fidence in results obtained in the presence of this drug. Hess et al., 1986 ) is consistent with the observed insensiRecent debate in the field of LTP research has centivity of LTD to Sr 2ϩ substitution. We nevertheless do tered on an alternative mechanism by which synaptic not favor this possibility because LTD is associated with strength might be increased through activation of silent a decrease in the spontaneous release of quanta, and synapses (Isaac et al., 1995; Liao et al., 1995) . Propospontaneous mEPSCs occur by a largely Ca 2ϩ -indepennents of this position argue that the methods used for dent mechanism (Fatt and Katz, 1952) . determining pre-or postsynaptic mechanisms of LTP We have provisionally eliminated one possible moleccannot discriminate between a presynaptic change in ular transducer of LTD; i.e., the Ca 2ϩ sensors required release probability and a postsynaptic "turning on" of previously silent synapses. A "silent synapse" theory for triggering transmitter release appear not to mediate vesicle at a single bouton only half of the time at most (n ϭ 5) or with 10 mM CaCl2, 0.5 mM MgCl2 (n ϭ 9) showed distribu- (Raastad et al., 1992; Hessler et al., 1993 ; Rosenmund tions that were not significantly different by the Kolmogorovet al., 1993; Allen and Stevens, 1994) . This synaptic second exponent describes the slow component of release (see Goda and Stevens, 1994) . Spontaneous mEPSCs were obtained from the tail of trace recorded after each synaptic response (beExperimental Procedures tween 500 ms and 1 s after presynaptic stimulation); by 500 ms, there was no appreciable contamination of mEPSCs by the slow Cultures of dissociated hippocampal neurons were prepared from component. Because 1 s long samples following each presynaptic neonatal rat pups and from wild-type or sytI mutant mice embryos stimulation were not recorded for all experiments, the analysis of as previously described (Bekkers and Stevens, 1991; Geppert et al., mEPSC rates was performed on a subgroup of the LTD experiments. 1994). Both glial and neuronal cell populations survive under our culture conditions. Coverslips that had at least several glial islands Acknowledgments containing a single pair of neurons were routinely obtained by this procedure. Cells were used after 8-14 days in culture. Both rat and
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